We have initiated large-scale sequencing of the third smallest chromosome of the CL Brener strain of Trypanosoma cruzi and we report here the complete sequence of a contig consisting of three cosmids. This contig covers 93.4 kb and has been found to contain 20-30 novel genes and several repeat elements, including a novel chromosome 3-specific 400-bp repeat sequence. The intergenic sequences were found to be rich in di-and trinucleotide repeats of varying lengths and also contained several known T. cruzi repeat elements. The sequence contains 29 open reading frames (ORFs) longer than 700 bp, the longest being 5157 bp, and a large number of shorter ORFs. Of the long ORFs, seven show homology to known genes in parasites and other organisms, whereas four ORFs were confirmed by sequencing of cDNA clones. Two shorter ORFs were confirmed by a database homology and a cDNA clone, respectively, and one RNA gene was identified. The identified genes include two copies of the gene for alanine-aminotransferase as well as genes for glucose-6-phosphate isomerase, protein kinases and phosphatases, and an ATP synthase subunit. An interesting feature of the sequence was that the genes appear to be organized in two long clusters containing multiple genes on the same strand. The two clusters are transcribed in opposite directions and they are separated by an ∼20-kb long, relatively GC-rich sequence, that contains two large repetitive elements as well as a pseudogene for cruzipain and a gene for U2snRNA. It is likely that this strand switch region contains one or more regulatory and promoter regions. The reported sequence provides the first insight into the genome organization of T. cruzi and shows the potential of this approach for rapid identification of novel genes.
Parasitic disease is a large health problem in developing countries. In South and Central America, 16-18 million people are affected with Chagas' disease, which is often severely debilitating and has a 10% mortality rate [according to the World Health Organization (WHO)]. Chagas' disease is caused by the protozoan parasite Trypanosoma cruzi, which is transmitted by insects of the Reduvidae family or by blood transfusions. The drugs that are used currently for therapy against the disease are only partially effective and have severe side effects. A parasite genome initiative was launched by the WHO in 1994 to use genome-scale analysis techniques to rapidly gain further insight into the biology of these organisms and thereby make it possible to find effective therapies against parasitic disease. The T. cruzi genome network includes laboratories from South America and several laboratories in North America and Europe.
T. cruzi, together with other kinetoplastids, are interesting for several reasons. They are interesting evolutionarily, since they diverged early in eukaryote evolution. In addition, there are several genetic features that are unique to the kinetoplastid group. T. cruzi genes are intronless, but individual genes are trans-spliced from polycistronic mRNAs to a splice leader RNA (DeLange et al. 1984; McCarthy-Burke et al. 1989; Donelson and Zeng 1990) . Many housekeeping genes are present in large tandemly repeated clusters containing two to >100 copies. The duplications may be involved in the regulation of expression of these genes. The T. cruzi genome shows high plasticity and the sizes of the chromo-somes vary extensively between strains, and the size of the two homologous chromosomes can also differ greatly within each strain (Cano et al. 1995; Henriksson et al. 1995 Henriksson et al. , 1996 . The gene order seems to be conserved despite this variation and the cause of the size variation is unknown. The kinetoplast, the large organelle present in trypanosome cells also shows unique features, the most well known being extensive editing of mRNA molecules. The genome size of T. cruzi varies between strains (Dvorak et al. 1982; Thompson and Dvorak 1989) . The haploid genome of the CL Brener strain is ∼50 Mb.
We have undertaken a project to determine the entire DNA sequence of the third smallest chromosome of the CL Brener reference strain of T. cruzi within the T. cruzi genome network. We present here the sequence of three overlapping cosmid inserts covering 93.4 kb of sequence from chromosome 3 (GenBank accession nos. AF052831, AF052832, and AF052833). The sequence reveals a potential regulatory region where transcription of long polycistronic messenger RNAs may be initiated. Also, several novel expressed sequences and repeat-rich regions have been identified.
RESULTS
The cosmids were selected from a sublibrary enriched for cosmids containing inserts from chromosome 3 and its homolog (Frohme et al. 1998 ). The first cosmid (1o17) was chosen as a starting cosmid for a region of the chromosome and the following two cosmids (1b21 and 1m17) were selected on the basis of confirmed overlaps to the already sequenced cosmids. Their localization to the chromosome of interest was confirmed by hybridization to pulsed-field gel-separated T. cruzi chromosomes, in which all three cosmids hybridized only to chromosome 3 and its longer homolog (data not shown).
The cosmids were sequenced by a shotgun strategy using M13 subclones. A total of ∼1500 sequence reads using the universal primer, 600 reverse reads, and 46 reads using 26 specific primers were required for complete double-stranded coverage of all three cosmid inserts. The length of the inserts was 39 kb for 1o17, 41.3 kb for 1b21, and 35 kb for 1m17. An additional 300 sequence reads were discarded because of poor quality or Escherichia coli contamination. The sequence was edited to reach an accuracy of ∼99.99%. The overlap between cosmids 1o17 and 1m17 was ∼15 kb, whereas the overlap between 1m17 and 1b21 was ∼7 kb. The total length of the resulting contig was 93.4 kb. The cosmids were 100% identical in the overlapping regions, confirming that they are from the same region.
The results of gene finding are summarized in Tables 1 and 2 , and a map of the contig is shown in Figure 1 . A total of 151 open reading frames (ORFs) exceeding 300 bp in length starting with an ATG start codon were identified and 29 of these were longer than 700 bp. To isolate the ORFs most likely to represent real genes, all ORF sequences were used to search GenBank at the DNA and protein levels, which resulted in seven positives, representing a wide variety of genes. In addition, a gene for U2snRNA was identified from a database search using non-ORF regions. In an attempt to identify further genes the computer program GRAIL for human From approximately base 34,000 of the contig the GRAIL-positive ORFs are present on only the forward strand, whereas the ORFs before base 34,000 are present only on the reverse strand in the contig as shown in Figure 1 . This is the case for all ORFs confirmed by database searching or by the presence of corresponding cDNA clones, including one that was GRAIL-negative. All ORFs >700 bp conform to this pattern, except for those that are located within two large repeat elements. This pattern indicates that the genes before base 34,000 are transcribed together on the reverse strand, whereas those after are transcribed together on the forward strand. The region between possibly could contain a bidirectional promoter region or two separate promoter regions, one for each transcriptional unit. The region between the first confirmed genes in each region is ∼20 kb in length (Fig.  2) . From approximately base 23,000 to base 43,000, there is a relatively high GC content, 54.8%, which can be compared to 48.5% GC for the sequence of the entire contig. Two large repetitive elements were found in this region, an element with homology to the Trypanosoma brucei TRS1.6 element and a T. cruzi VIPER element that contains a large ORF. In the middle of this region there is a truncated copy of the cruzipain gene, which is present as a tandem cluster in a different area of chromosome 3. The cruzipain gene is likely to be a pseudogene however, since the ORF shows only 290 amino acids compared to the 467 of the previously characterized locus. This gene may therefore not be expressed. Upstream of this locus, at a distance of 845 bp, a U2snRNA gene is located in the opposite direction from the cruzipain pseudogene (Figs. 1 and 2; Table  2 ). The upstream region of the U2snRNA gene is GC-rich, but shows no discernible similarity to the upstream region of the U2snRNA gene of T. brucei (Fantoni et al. 1994) . It is unclear whether this represents an actual promoter sequence. This entire region provides several possiblities as to the location of potential promoters and regulatory regions, but no such elements have been identified as yet. Nucleotide and protein database comparisons using BLAST yielded several significant similarities, which are listed in Tables 2 and 3 . The homologies included: the U2snRNA gene mentioned above, which shows almost 100% homology to the database entry, and therefore appears to be a functional gene; two ORFs adjacent to each other showed close to 100% homology to T. cruzi alanine aminotransferase as mentioned above; and an ORF showed homology to the cysteine proteinase cruzipain. This truncated locus shows close to 100% homology to the previously published cruzipain sequence in the 5Ј-untranslated part of the gene and in the 5Ј end of the translated region. The homology decreases gradually after 180 amino acids and is completely lost after the premature stop codon. As yet no message from this gene has been identified and the possible function, if any, of this gene is therefore unknown. The ORF sequences in the gene-rich regions were generally more GC rich than the surrounding sequences and often reached GC levels of >60%.
Four ORFs showed homology to known genes in other organisms. These homologies were to tyrosine phosphatases and serine/threonine kinases, an ATP synthase subunit and glucose-6-isomerase from many different organisms, including Saccharomyces cerevisiae and Homo sapiens as well as several prokaryotes. Blast and BEAUTY searches of the remaining ORFs showed no GenBank homologies to the nucleotide or protein databases, indicating that these represent novel genes. Work is in progress to confirm more genes by identification of the corresponding messenger RNAs by RT-PCR from T. cruzi RNA or by further cDNA library screening.
Five sequences showed blast homology to known T. cruzi repetitive elements, including the VIPER and TRS1.6 elements mentioned above, two SIRE elements, and one other short interspersed repeat that is also present in the 3Ј-untranslated region of the gene for T. cruzi tyrosine aminotransferase. A 3-to 400-bp sequence was identified that occurs in three different places in the contig. The copies are very well conserved with only a few base pairs differing between each copy. The location of the copies are at approximately positions 7500, 82,000, and 91,000. The orientation of the two latter copies is the same, whereas the first copy is in the opposite orientation, which is consistent with the direction of the ORFs present in the same regions. These sequences are not located within ORFs and they show no homology to known sequences in GenBank. It has been found by hybridization of this sequence to separated chromosomes, that these sequences are only present on chromosome 3 and its homolog. The function of this sequence is unknown. Further studies of this repeat element are in progress.
DISCUSSION
The sequencing of these cosmids provides the first T. cruzi genomic sequence longer than a few kilobase pairs. Genome sequencing has been initiated recently in other parasites, mainly Plasmodium falciparum, in which large amounts of unfinished sequence have been submitted to the public databases, and in chromosome 1 of Leishmania major, in which unfinished and finished data from several cosmids have been submitted. The genomic sequence of P. falciparum is very AT rich and quite different from that of T. cruzi, whereas preliminary data from L. major shows more similarities to T. cruzi.
T. cruzi is expected to have 5000-10,000 genes, and estimates of the size of the haploid genome of the CL Brener strain varies between 45 and 50 Mb. A rough estimate of the gene density would thus be one gene per 4500 bp and that the current sequence should contain ∼20 genes. There are between 25 and 30 strong gene candidates in this sequence based on GRAIL searches and the length of ORFs. A total of 11 genes outside repetitive elements have been confirmed by database searching and identification of cDNA clones. The total number of genes therefore appears to be slightly higher than 20. The variation in gene density in the T. cruzi genome is currently unknown, and it remains to be seen how representative this region is of the genome.
It has been shown that T. cruzi has polycistronic pre-mRNAs and it is therefore expected that genes would often be positioned close to each other on the same strand. This pattern can be seen in the region presented here. The contig appears to contain two separate gene regions separated by a region with fewer gene candidates. One of the gene-rich regions covers >50 kb and contains at least 17 candidate genes. It is unknown how much further this region continues outside the contig. The two gene-rich regions are on opposite strands. The region between the two gene rich areas is GC rich and contains a VIPER and a TRS1.6 repetitive element as well as a probable pseudogene and an RNA gene, U2snRNA. No promoter sequences have been identified previously in T. cruzi, other than for the spliced leader RNA (Nunes et al. 1997) and for rRNA genes (Janz and Clayton 1994), but it is likely that this region contains at least one such regulatory element. The precise location of the putative promoters is not known, but there are several possibilities. There are two confirmed gene sequences between the major gene-rich regions, but one is likely to be a pseudogene, whereas the other is the gene for U2snRNA. In T. brucei it has been shown that U2snRNA is transcribed by RNA polymerase III (Fantoni et al. 1994) . Since the protein-coding genes are expected to be transcribed by RNA polymerase II, it is likely that the U2snRNA gene has its own regulation and is not a promoter for a whole cistron. It is more likely that there are two separate regulatory regions, one at the start of each gene cluster. The polII promoters that have been characterized previously in trypanosomes are in the upstream sequences of the actin gene (Ben Amar et al. 1991 ) and the hsp70 locus (Lee 1996) of T. brucei. Also, some data indicates that the spliced leader RNA gene (Nunes et al. 1997) , where the promoter has been characterized in T. cruzi may be transcribed by polymerase II, but this is not entirely clear. Ths promoter shows a simi- T. CRUZI GENOME; SEQUENCE OF A STRAND-SWITCH REGION lar organization to other processor RNA genes in different organisms. The T. brucei actin promoter is located 4 kb upstream of the actin genes and appears to initiate transcription for a whole cistron, but it shows no similarities to known promoters and no clear features. It is therefore not surprising that no promoter sequences have been found in the present sequence by comparison to known sequences. This makes the upstream sequences of both gene regions good candidates for containing regulatory and promoter sequences. The T. brucei hsp70 promoter shows a different organization in that it is associated closely with the gene and that it is also present between each tandem copy of the gene. It is possible that the intergenic sequences of the cruzipain locus contains similar promoter regions. Transfection with a clone containing several copies of the cruzipain gene leads to overexpression of the gene (Tomas and Kelly 1997) . Since the 5Ј-end and upstream sequence of the truncated cruzipain gene in the contig sequence is well conserved there is a possibility that this locus could be involved in transcriptional regulation. Regulatory and promoter sequences in repetitive elements may be involved in regulation of T. cruzi genes (Requena et al. 1996) . The two large repeat elements present in this region both contain large ORFs, which may be transcribed. EST sequences have been found that correspond to both types of elements and we identified cDNA clones corresponding to the ORF in the VIPER element. Thus, the repeat elements, together with several other sequences in this region are good candidates for containing promoters and other regulatory elements, and the region described in this paper is a good candidate for further studies of gene expression in T. cruzi.
The plasticity of the T. cruzi genome is high and it is therefore of great interest to study the presence of repeated sequences in the intergenic regions and the relative positions of genes for future comparative studies. In the sequence presented here, a large region that appears to contain relatively few genes is present in the region between 10 and 20 kb in the sequence. This area contains regions of 2-3 kb each, which are extremely rich in di-and trinucleotide repeats. The extent of variation between strains and between homologous chromosomes in this and other regions is unknown currently. The sequenced cosmids all hybridize equally strongly to chromosome 3, which is ∼620 kb in length and to the homologous chromosome which is ∼1 Mb. The cosmids could thus come from either chromosome. The hybridization data coupled with the fact that the cosmids showed no differences in the overlapping regions, a total of ∼22 kb, indicates either that all three cosmids come from the same chromosome, or that this region is close to identical in chromosome 3 and its homolog.
An additional source of variation is the number of copies present of certain genes. As mentioned above, housekeeping genes in T. cruzi are often present in multiple copies in tandem. The number of copies in a tandem cluster has been found to vary from 2 to >50 in the clusters studied (Campetella et al. 1992; B. Andersson, unpubl.) . In the current region one gene, alanine aminotransferase, is present in two tandem copies. It has been hypothesized that the number of copies correlates with the expression levels of the gene. It is unknown whether the gene for alanine aminotransferase is present in other loci in the T. cruzi genome and also if the two copies in this locus are both functional. One possibility is that one of the copies is a pseudogene. The fact that the ORF of one of the copies is 264 bp shorter than in the other speaks in favor of this hypothesis.
A different pattern was observed for a 300-bp sequence that was detected in three different locations in the contig and not in a cluster. It is possible that this is a novel repeat element, or that these are pseudogenes. The reason for its presence on only this chromosome currently is not known. The nature of this element and its distribution along the chromosome and in the genome is under further investigation.
A relatively small number of expressed sequences have been characterized previously from T. cruzi. Currently, efforts to produce ESTs are under way, but only a small number are available as yet. Because the kinetoplastids diverged early in evolution from other organisms, most genes may be quite different from their equivalents in other organisms. It is therefore expected that a large fraction of genes can not be identified by homology searches. Protein-coding sequences in T. cruzi can, however, often be identified easily using other methods. T. cruzi genes have no introns and protein-coding genes can therefore be identified as long ORFs. In addition, the genes tend to have a higher GC content compared to surrounding sequences. Surprisingly, we found that GRAIL for human genes could be used to identify possible genes in T. cruzi by its ability to identify ORFs and by codon usage, even though codon usage in humans is different from that in T. cruzi for a few amino acids. GRAIL was able to detect all but one of the confirmed genes and also several of the other long ORFs that are likely to be expressed. Thus, GRAIL and other programs that de-tect codon bias will be of use for gene prediction in T. cruzi.
This work only represents ∼0.2% of the T. cruzi genome, but it has already yielded some information about the organization of genes on chromosome 3 and also several novel genes that may be used in the future as drug targets and in projects to better understand the biology of T. cruzi. The sequencing of the remainder of chromosome 3 is ongoing and the continued characterization of novel genes and other genetic features in T. cruzi within the genome project will generate many insights into parasite biology and possibilities for identification of drug targets to combat Chagas' disease.
METHODS

Selection of Target Cosmids
The three cosmids were selected from a sublibrary of a wholegenome T. cruzi cosmid library (Hanke et al. 1996) . The sublibrary was isolated by hybridization to chromosome 3, DNApurified using pulsed-field gel electrophoresis, performed as described by Henriksson et al. (1995 Henriksson et al. ( , 1996 . The cosmids were selected by showing that they hybridize specifically to chromosome 3 and its homolog on Southern-blotted, pulsed-field gel electrophoresis separated chromosomes, and by using restriction patterns from multiple cosmids in the region and end probes from each cosmid to show overlaps. Cosmid overlaps were confirmed by using end probes from sequenced cosmids and by comparison of restriction patterns.
Construction of M13 Shotgun Libraries
Cosmid DNA was purified using a Qiagen midi-prep kit and sheared by nebulization to an average size of ∼2 kb. The random fragments were cloned into a modified M13 vector using the ''double adaptor'' method as described (Andersson et al. 1996b ).
M13 Template Preparation
M13 clones were grown in a 96-well format and high-quality DNA templates were prepared using a 96-well glass-fiber filter protocol as described by Andersson et al. (1996a) .
DNA Sequencing And Sequence Assembly
Fluorescent, automated DNA sequencing was performed using Applied Biosystems 377 DNA sequencers (Perkin Elmer) and sequencing reagents from Perkin Elmer and Amersham, using automated fluorescent methods (Smith et al. 1986 ). The sequence reads were assembled and the contiguous sequences edited using the program gap4 in the Staden package (Staden 1996) and the PHRED-PHRAP package (courtesy of P. Green, University of Washington, Seattle). Gap closure and finishing was carried out using a mapped-gap strategy (Edwards and Caskey 1991; Muzny et al. 1994; Richards et al. 1994 ) and walking using specific oligonucleotide primers.
Sequence Analysis
Expressed sequences were identified by database searches using BLAST (Altschul et al. 1990 ) and by the program GRAIL (Uberbacher and Mural 1991) . Searches for further identification of gene function were performed using BEAUTY (Worley et al. 1995) .
cDNA Hybridization
More than 16,000 cDNA clones derived from a normalized epimastigote library were spotted onto nylon membranes and screened using radioactively labeled (Megaprime, Amersham) cosmid DNA. Hybridization was carried out in 0.5 M Naphosphate at pH 7.2, 7% SDS, 1 mM EDTA, and 100 µg/ml yeast tRNA at 65°C overnight. The filters subsequently were washed in 40 mM Na-phosphate at pH 7.2, 0.1% SDS, at 65°C, and exposed to X-ray film.
